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unit conversions; the effects of temperature, shear, 
pressure, and nuclear radiation on viscosity; visco 
elasticity; film lubrication; liquid flow in pipes and 
hydraulic systems 


FUNDAMENTAL PRINCIPLES 


Viscosity 


is the internal resistance exhibited as 
one portion or layer of a liquid is moved in relation 
to another portion. It is due to the internal friction 
of the liquid molecules moving past each other. 
Since temperature is a measure of molecular mo- 
tion, temperature is the most important variable 
iffecting the viscosity of a liquid and must always 
be stated in conjunction with the viscosity. 

Lord Kelvin expressed the thought that to de- 
scribe clearly a concept, one should assign numbers 
or mathematical expressions to it. More than 200 
years ago, Sir Isaac Newton treated viscosity in 
just such a manner by defining it and deriving its 
descriptive equation as illustrated in Figure 1. Sup- 
pose that a film of liquid, such as mineral oil, is 
placed between two parallel planes with the bottom 
one stationary, and that the upper plane of area A 
is moved with a constant velocity of V by means 
of a force F. Oil molecules are visualized as small 
balls which roll along in layers between the flat 
planes. Since the oil will “wet” and cling to the two 
surfaces, the bottommost Jayer will not move at all, 
the uppermost will move with a velocity V and 
each intermediate layer will move with a velocity 
directly proportional to its distance from the sta- 
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in a steady-flow system) is plotted against rate of 

Figure 4 illustrates how 
viscosities of non-Newtonian mate- 
rials vary with changing rates of shear 
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in curve 1 of Figure 3 a plastic 
, such as a grease, putty or molding clay, 
characterized by a “yield point” or “yield value”. 
hat a definite minimum stress or force 
must be applied to the material before any flow 
takes place. As shown in Figure 4 its apparent vis- 
cosity approaches infinity as the rate of shear ap 
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While a pseudo-plastic fluid has no yield point, 
its apparent viscosity also decreases with increasing 
shear rates but stabilizes only at very high rates of 
shear. Many emulsions such as water base fluids and 
resin naterials show this type of behavior 
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Flow curves or shear characteristics of various 
types of materials 


Figure 3 


Oppositely, the apparent viscosity of dilatant fluid 
increases as the rate of shear increases. Such a fluid 
often solidifies at high rates of shear. Examples are 
pigment-vehicle suspensions such as paints and 
printing inks, and some starches. 
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Courtesy of O.V.F., Limited 
Apparatus for demonstrating streamline (laminar) and turbulent flow. 


n-Newtonian oil were measured at some About 1883 Osborne Reynolds determined that this 


invalidity was caused by a relatively sudden change 
from laminar to turbulent flow, in which the liquid 
moved mainly in erratic eddy currents as illustrated 
in the right hand portion of Figure 6. Reynolds dc 

termined further that the critical velocity (V.) at 


- which this occurred was related to the dimension- 
Viscosity Measurement with Capillaries DVp 
: less function now called the Reynolds num- 


Xy, where the two curves hap 


cross each other. While both oils have 
ipparent viscosity at this one point, the 
ler of their viscosity—shear curves are en 


lifrerent 


Poiseuille determined that the flow of water (a 


Newtonian liqu through a capillary tube — Ser where D is the inside diameter of the tube, V is 


the velocity of the liquid, p (rho) is the density 
of the fluid and 7» (eta) is its absolute viscosity 


lowing equation, now 


7Pr* Since this function is dimensionless, it is meaning- 
SLy ful only when consistent units, i.e. units within a 
lume in cubic centimeters given measurement system, are used and quoted 
P is the pressure difference At a Reynolds number of about 2000 and higher, 
in dynes per square centi flow becomes turbulent, therefore critical velocity 

the tube in centimeters, Lis (V.) can be calculated from the equation: 

eta) is the abso Vv 2000 
Dp 
onds (T) required The states of laminar and turbulent flow as dem- 
iny liquid to flow onstrate d in a commercially available apparatus are 
viscosity in poises shown in Figure 
aS a Since ” the ratio of absolute viscosity to dens 
p 

ity) is also used in several other equations dealing 
with viscosity and is also very useful in the study 
of hydraulics, the term “kimematic viscosity”, with 
symbol vy (nu) have been assigned to it. The basic 
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honor of Sir George Stokes for his contributions to 


the science of fluid mechanics. The centistoke (one 
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gh the liquid of a ball or 
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third and fourth methods are varia- 
lette Or rotational viscometer. 
ts large effects on viscosity, the tem 
the fluid in all viscometers, but espe 
| must be accurately con- 


specines am accuracy of 


Capillary Viscometers 


industry many viscosity deter 


ns < made with capillary type viscometers 
American Society for Materials 
ASTM) Method D-445 prescribes the standard 
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Testing 


1 
ring Kinematic Viscosity and 
capillary viscometers illus 
The first six are used for trans- 


Cannon Master 
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chiefly for 
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continuing effort 
surface tens! 
anges of viscos 
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as the primary standard. Its kinematic viscosity at 
20°C. is 1.002 centipoise* or 1.0038 centistokes. 
This is used to calibrate a master viscometer such 
as One snown in Figure 8 in terms of a constant A 


in the equation v Al 


ae 
T° For this instrument, 


the correction term, is not needed. With a 


calibrated master viscometer, the viscosity values of 
several oils are determined and these are then used 
as secondary standards to calibrate instruments used 
for routine testing 

A non-Newtonian fluid can be identified by 
measuring its viscosity in several capillary viscom- 
eters with different capillary diameters (and there- 
fore different shear rates) and noting any signifi- 
cant variations among the several viscosities 


Short Tube or Orifice Viscometers 

Five other efflux-time instruments for VISCOSITY 
measurements are sometimes used in the petroleum 
industry. These are the Saybolt Universal and Say- 
bolt Furol used mainly in the United States, the 
Redwood No. 1 (Standard) and Redwood No. 2 
(Admiralty) used in Great Britain, and the Engler 
used chiefly in Germany and other countries on 
the continent. All five are empirical 
in that the time of outflow of an arbitrary constant 


instruments 


amount of an oil is quoted as a measurement of the 
viscosity of the oil. The instruments are similar in 
basic principle but differ in various dimensions and 
in the amount of oil used. As a consequence all 
assign different Viscosity numbers to the same oil, 
therefore any empirical viscosity is meaningful only 
when the and 
named 


viscometer temperature are also 


1. Saybolt Universal Viscometer. Illustrated in 
Figure 9, this instrument measures the efflux time 
in seconds for 60 ml. of oil at some specified Fahr- 
enheit temperature such as 70, 100, 130 or 210 
legrees. Viscosities are quoted in terms of Saybolt 
Universal seconds (SUS). The instrument should 
not be used on oils with an efflux time of less than 
j 


32 seconds. Its orifice is 0.4823 inches (12.25 mm) 


long and 0.0695 inches (1.77 mm) in diameter 
Saybolt Furol Viscometer. Similar in appear- 
ince to the Saybolt Universal, but using an orifice 
0.4823” long and 0.1240” in diameter, this instru 
ilso measures the efflux time in seconds for 
of oil 


the Universal viscosity on the same oil 


— 
60 ml A Furol viscosity is about one-tenth 
however 
the Furol is used chiefly for petroleum products 
having viscosities greater than 1000 SUS, such as 


el In: fact the word “Furol” is a con 


of the words “fuel” and “road oil”. 
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Figure 12 


Stormer viscometer 


Rotational Viscometers 
Based on Newton ndamental law of viscosity 


1 in Figus but employing two con 
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planes, a rotational viscometer measures viscosity 
by determining the direct or reactive force required 
to hold one cylinder stationary when the other is 
rotated at a constant speed. 

As examples, the MacMichael viscometer shown 
in Figure 11 measures viscosity by determining the 
torque exerted on a disc or cylinder suspended by 
a wire in a Cup rotating at constant speed. The 
Stormer viscometer illustrated in Figure 12 consists 
of a rotating cylinder immersed in a fixed cup con- 
taining the sample. The cylinder is rotated by a 
weight and the time for 100 revolutions (as regis- 
tered on the dial) is a measure of the viscosity. The 
MacMichael and Stormer viscometers are 
mainly on very viscous liquids 

The Brookfield Synchro-Lectric Viscometer illus- 
trated in Figures 13 and 14 dispenses with one of 
the cylinders by measuring the force required to 
rotate a cylinder or spindle in the fluid at constant 
speed. By using different speeds of rotation, differ- 
ent shear rates are obtained, hence the instrument 
can measure both the viscosity of Newtonian and 
the apparent viscosity of non-Newtonian materials 


used 


High Rate of Shear Rotational Viscometer 

As mentioned previously, the apparent viscosity 
of non-Newtonian lubricants depends on the rate 
of shear. In order to study the shear behavior of 
non-Newtonian materials at high shear rates, a ro 
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plate is stationary while the cone rotates at constant 
or programmed variable speeds. The viscous force 
of the sample on the cone exerts a torque on the 
electro-mechanical dynamometer which is a meas- 
ure of the viscosity. 


Ultrasonic Viscometer 


An instrument used for the automatic measure- 
ment and continuous recording of viscosity, for ex- 
ample the oil in a refinery process stream, is the 
Bendix Ultra-Viscoson illustrated in Figure 18. 
This consists of a probe inserted in the stream to be 
measured and an electronic computer. Ultra high- 
frequency vibrations are applied to the probe. These 
ultrasonic vibrations are damped depending on the 
viscosity and density of the material. The resulting 
vibration rate is measured by the electronic com- 
puter and converted to the product of absolute vis- 
cosity times density. To obtain viscosity this prod- 
uct is divided by the density. Both Newtonian and 
non-Newtonian liquids can be measured 


seer e nr eeeee Falling Sphere Viscometer 
The absolute viscosity (7) of a fluid can be 
determined by measuring the dropping velocity of 
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Figure 19 Section through a Hoeppler viscometer. 
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Figure 20 Schematic diagram of a pressure viscometer 
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10,000} tween two marks on the glass tube. The glass tube, 


having a volume of about 30 ml., is mounted in a 


glass water jacket at an angle of 10° from the verti- 
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al, the optimum inclination to assure reproducible 
results. Absolute VISCOSITty 1S equal to T (S; S,) B, 
where B is a constant that is characteristic of the 
particular ball. Balls made of different materials and 
sizes permit viscosity measurements through the 
very wide range between 0.01 and 1 million centi- 


poises, i.e. from gases through very viscous liquids 
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Pressure Viscometer 
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— + Newtonian material like grease depend on the rate 


al relationship between apparent viscosity of shear to which it is subjected, a pressure vis 


cometer like that described in ASTM Method 
D1092-58T (“Apparent Viscosity of Lubricating 


Greases”) and diagrammed in Figure 20 is widely 


measured in a pressure viscometer on a 
2 NLGI grade grease at 77 F 


; = ——: al 
in a tube (preferably of duce controlled shear rates and to mea 


be easily observed). This sure the corresponding apparent viscosities 


f | t 4 "ar Sin S i) 
falling bodies in a vis In such an instrument the grease sample is usually 


forced through a capillary at constant shear rate by 
pressure from a floating piston actuated by the fixed 
lisplacement gear pump of the hydraulic system. 
By using combinations of eight different capillaries 
ind two pump speeds, the eftects of sixteen dif- 
ferent shear rates may be investigated. A thermo- 


statically-controlled air or liquid bath around the 


pressure cylinder is used to control chosen tempera- 


res between minus 100 and plus 100 degrees F 
in 0.5°F. Apparent viscosity is calculated 
lle’s equation by substituting the ap- 

of pump pressure, capillary di- 


np flow rate. Plotted on log-log px 
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SAE MOTOR OIL VISCOSITY.GRADE CLASSIFICATION SYSTEM 


SAE VISCOSITY 
GRADE NUMBER 


Viscosity is measured by the time required for 60cc of oil 
in the Saybolt Viscosimeter Tube to flow through a standard 
opening, at a given temperature 


What viscosity really means 


Viscosity is a liquid’s resistance to flow. It varies 
among different liquids. and increases to some 
extent as temperature drops. 

In the Lnited States. the viscosity of oils is 
usually determined with a Saybolt Universal 
\ iscosimeter. It simply measures the time in sec- 
onds required for a given quantity of oil to drain 
through a standard hole at some fixed tempera- 
ture he SAE Motor Oil Viscosity Grade Clas- 

em (see chart above) uses these 
viscosity seconds to specify the viscosities of its 
SAE 5W. 10W. 20W. 20. 30. 40 and 50 motor 
oil erades. The first three “W” grades are espe- 
cially suited for winter use. 

Phe viscosity of your motor oil is very impor- 
tant. Wh 


temperature. a heavy. slow-flowing oil takes 


you start your engine at a subzero 


much too long to rea h engine parts and permits 
wear than thousands of miles of driving. 

i light. fast-flowing winter oil does not 

viscosity to prevent wear at high 


summer temperatures. Thus, with ordinary oils, 
it is necessary to change grades seasonally. 

Havoline Special LOW-30 Motor Oil is the 
wisest choice for any car owner because it magi- 
cally combines the fast-flowing property of the 
Winter SAE 10W grade with the high tempera- 
ture, wear-preventing quality of the Summer 
SAE.30 grade. It’s the ideal, all-temperature oil. 
Use it in all seasons. 

In addition, Texaco’s special refining and 
exclusive additives in Havoline Special LOW-3¢ 
prevent the harmful sludge deposits and varnish 
that are so prevalent with ordinary oils in 
today’s stop-and-go driving. 

The few extra pennies for this finest of motor 
oils is your best insurance against engine dam- 
age and repair bills. See your 
Texaco Dealer for a change 
to Havoline Special 1OW-30 {TE 


...and change it regularly. 


Buy the best ses buy TEXACO 
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